Objective-Vascular remodeling is associated with complex molecular changes, including increased Notch2, which promotes quiescence in human smooth muscle cells. We used unbiased protein profiling to understand molecular signatures related to neointimal lesion formation in the presence or absence of Notch2 and to test the hypothesis that loss of Notch2 would increase neointimal lesion formation because of a hyperproliferative injury response. Approach and Results-Murine carotid arteries isolated at 6 or 14 days after ligation injury were analyzed by mass spectrometry using a data-independent acquisition strategy in comparison to uninjured or sham injured arteries. We used a tamoxifeninducible, cell-specific Cre recombinase strain to delete the Notch2 gene in smooth muscle cells. Vessel morphometric analysis and immunohistochemical staining were used to characterize lesion formation, assess vascular smooth muscle cell proliferation, and validate proteomic findings. Loss of Notch2 in smooth muscle cells leads to protein profile changes in the vessel wall during remodeling but does not alter overall lesion morphology or cell proliferation. Loss of smooth muscle Notch2 also decreases the expression of enhancer of rudimentary homolog, plectin, and annexin A2 in vascular remodeling. Conclusions-We identified unique protein signatures that represent temporal changes in the vessel wall during neointimal lesion formation in the presence and absence of Notch2. Overall lesion formation was not affected with loss of smooth muscle Notch2, suggesting compensatory pathways. We also validated the regulation of known injury-or Notch-related targets identified in other vascular contexts, providing additional insight into conserved pathways involved in vascular remodeling. Visual Overview-An online visual overview is available for this article.
N otch ligands and receptors participate in vascular remodeling in response to injury, and specific roles have been identified using targeted mouse models. Mice heterozygous for a mutant Jagged1 allele in endothelial cells respond with enhanced neointimal lesion formation after carotid artery injury. 1 Soluble Jagged1, an inhibitor of Jagged1-mediated Notch activation, inhibits neointima formation after endothelial denudation by balloon injury in rat carotid arteries.
2 Notch1 heterozygous deficient mice display a 70% reduction in neointimal lesion formation after carotid artery ligation, but no change was observed in homozygous Notch3 knockout mice in the same study. 3 To date, no in vivo studies have been published studying the isolated loss of Notch2 in neointimal lesion formation. Given that global deletion of Notch2 results in embryonic lethality by E11.5 because of cardiovascular defects, 4, 5 one goal of this study was to characterize the impact of conditional and inducible loss of Notch2 signaling in vascular smooth muscle cells (VSMC) in neointimal lesion formation.
We previously showed that Notch2 activation by Jagged1 mediates a unique function in human VSMC to suppress proliferation. 6 Subsequent studies have confirmed the antiproliferative effects of Notch2 by demonstrating Notch2-specific inhibition of PDGF-B (platelet-derived growth factor B)-dependent proliferation in human aortic VSMC and increased ex vivo proliferation of VSMC isolated from mice with targeted smooth muscle deletion of Notch2 compared with wild-type cells. 7 We hypothesized that loss of function of smooth muscle Notch2 signaling would result in a hyperproliferative response in vivo with increased neointimal lesion formation after vascular injury.
Vascular occlusive disorders are characterized by extensive biological changes in the vessel wall in addition to the proliferation and abluminal migration of VSMC. Many genes and pathways have been targeted, particularly in mouse models of vascular injury, demonstrating that complex gene network activation is required for vascular remodeling. However, there is limited information on how global protein levels change during specific stages of neointimal lesion formation in comparison to uninjured vessels. Thus, a second goal of this study was to define unique vascular proteomic signatures that distinguish different stages of neointimal lesion formation in response to altered blood flow. A recent innovation in protein analysis workflow is sequential window acquisition of all theoretical spectra (SWATH [8] [9] [10] [11] ) ion scanning technique for isotope-free protein analysis. SWATH is innovative because it matches experimental mass spectra with spectral libraries instead of theoretical spectra derived from protein sequence information. It is powerful because it meets the challenge of simultaneous protein identification and quantification. 10, 12 Recently, the utility of SWATH was demonstrated in the analysis of proteomic changes in the vascular endothelium after irradiation of brain arteriovenous malformations. 13 In the context of carotid vasculature, non-SWATH-based proteomic analysis has been used to determine the molecular signature of symptomatic carotid plaques.
14 These studies demonstrate the value of proteomics-based approaches in elucidating the elaborate molecular-level changes occurring in vascular injury and ultimately in spurring the development of novel approaches for treating vascular disease. To our knowledge, our study is the first use of SWATH proteomics analysis to identify injury signatures in the carotid artery remodeling process, as well as Notch-related protein responses.
Materials and Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Mouse Models
Experimental protocols using mice were approved by the Maine Medical Center Institutional Animal Care and Use Committee. Mice were housed in our clean barrier facility, which is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. In the Notch2 conditional null line, loxP sites flank exon 3 of the Notch2 allele. 4 Cre recombination results in excision of exon 3 and a frameshift-mediated premature truncation of Notch2 protein, generating a null allele. Global modification of this Notch2 allele is embryonic lethal by E11.5. 4, 5 The SM-MHC (smooth muscle myosin heavy chain)-CreER T2 driver strain 15 was obtained by request from Dr Stefan Offermanns (University of Heidelberg) via Dr Joseph M. Miano (University of Rochester) and was induced with tamoxifen to express Cre recombinase in smooth muscle cells. The transgene is located on the Y chromosome, and thus a single copy of the transgene is maintained for passage through male breeders only. The crossed floxed Notch2 and SM-MHC-CreER T2 lines were maintained on the C57BL/6J background. The Rosa26 Cre reporter 16 line was obtained from The Jackson Laboratory (Bar Harbor, ME). Male mice were started in all in vivo experiments at ≈10 weeks of age.
Human Atherosclerotic Lesion Collection
All research involving human subjects was approved by the Maine Medical Center Institutional Review Board, which is accredited by the Association for the Accreditation of Human Research Protection Programs, Inc. Atherosclerotic plaque was obtained from human subjects undergoing endarterectomy surgery under our institutional review board-approved protocol 4530NR with written informed consent from study participants. Specimens included in this article were obtained from an 80-year-old male donor ( Figure  6C and 6D; enhancer of rudimentary homolog [ERH] and serpin H1) and a 72-year-old male donor (Figure 6C and 6D ; vitronectin). Collected plaque was processed for paraffin embedding and sectioned at 5 μm intervals.
Genomic DNA Isolation
Genomic DNA was isolated from murine toe or tail samples or carotid arteries. Lysis buffer was 0.1 mol/L Tris (pH=8.8), 0.2 mol/L NaCl, 5 mmol/L EDTA, and 0.5% SDS. Immediately before use, proteinase K was added to a final concentration of 0.4 mg/mL, and samples incubated at 55°C overnight. DNA was precipitated with an equal volume of isopropanol and pelleted at 13 400 rpm. The supernatant was discarded, and the pellet was washed with 70% ethanol and centrifuged at 13 400 rpm. The supernatant was discarded and the pellet air dried. The DNA was resuspended in 50 μL distilled water.
Genotyping and Cre Excision Analysis
Polymerase chain reaction (PCR) primers used for this study are listed below and in the Major Resources Table in the online-only Data Supplement. Standard protocols used 2 pmol/μL primers in MasterMix (4PRIME, Inc). For genotyping the Notch2 allele, the cycling conditions were 95°C for 3 minutes, followed by 40 cycles of 95°C for 45 seconds, 60°C for 45 seconds, and 72°C for 75 seconds, followed by a final 72°C for 2 minutes. This yielded a 161 bp band from the wild-type allele and a 201 bp product from the floxed allele. For genotyping the SM-MHC-CreER T2 transgene, cycling conditions were 93°C for 3 minutes, and 35 cycles of 93°C for 30 seconds, 58°C for 30 seconds, and 72°C 1 minute, followed by a final 72°C for 7 minutes. This yielded a 455 bp product corresponding to the transgene. Negative controls of the reaction without template were used for each reaction.
Primers used were as follows:
: TCCAACCTGCTGACTGTG, TCAGAGTT CTCCAGGG 2. Notch2 floxed: TAGGAAGCAGCTCAGCTCACAG, ATAAC GCTAAACGTGCACTGGAG 3. N2-L3: GCTCAGCTAGAGTGTTGTTCTTG 4. N2-L5; AGAACCATTGGTTTAGTGTCTCC Cre recombination of the floxed Notch2 allele was detected by PCR using genomic DNA isolated from carotid arteries with the N2-L3 and N2-L5 primers. These primers flank the 2 loxP sites, yielding a nonrecombined 1.9 kb product from the floxed allele and an 887 bp product after Cre recombinase-mediated excision.
Tamoxifen Induction
Mice received 5 consecutive days of intraperitoneal injections of 100 μL of a 10 mg/mL solution of tamoxifen (Sigma) dissolved in corn oil (Sigma), a daily dose of 1 mg/mouse. The stock solution was prepared by warming the solution to 55°C to dissolve. Administration of 100 μL corn oil served as the vehicle control. The tamoxifen induction period was followed by a 2 week Cre-mediated recombination period before arterial ligation or sham surgery. Mice receiving tamoxifen were housed separately from mice receiving corn oil.
Ligation of the Mouse Common Carotid Artery and Tissue Collection and Processing
This procedure was performed as described. 17, 18 In brief, each mouse was anesthetized, and the left carotid artery was exposed. The left common carotid artery was completely tied off using suture just proximal to the carotid bifurcation. The skin incision was closed, and the mouse was allowed to recover. Mice were maintained for 6 or 14 days after arterial ligation. For sham surgeries, mice were anesthetized, and the left carotid artery was exposed before closing the wound with sutures. To collect vessels for paraffin embedding, arteries were perfusion fixed with 4% paraformaldehyde, dissected, and maintained in fixative overnight at 4°C. Tissues were then processed for paraffin 
Detection of β-Galactosidase Activity
For detection of β-galactosidase activity, carotid vessels were perfusion fixed with 4% paraformaldehyde, harvested, and kept in 4% paraformaldehyde for 2 hours at 4°C. Vessels were washed in PBS and were given two 30-minute incubations with detergent rinse (1 mol/L magnesium chloride, 1% sodium deoxycholate, and Nonidet P-40 in PBS). The specimens were then wrapped in foil overnight in a 37°C incubator in staining solution, which contained detergent rinse ingredients plus 1 mol/L potassium ferricyanide, 0.5 mol/L potassium ferrocyanide, 1 mol/L Tris, and 1 mg/mL of x-gal staining solution (Bioline). The next morning, specimens were washed 3× in PBS before fixation in 4% paraformaldehyde overnight. Specimens were then processed, sectioned at 5 μm, and counter stained with nuclear fast red.
Morphometric Analysis
The importance of location in morphometric analysis of vascular lesion formation is established. 17, 19, 20 Strain differences in neointimal lesion formation should also be taken into consideration. 21 Multiple valid models of quantification have been used, from intermittent sections along the length of the injured artery, 19 to sections across a 500 μm to 3 mm segment proximal to the ligation, 22 to sections from a single point 3 mm from the ligation. 23 Some groups have chosen to obtain measurements from the apex of the lesion as determined by serial sections at 150 μm intervals across the entire length of the artery. 24 Alternatively, some groups have performed longitudinal sectioning, 17 with quantification by lesion length or area, 25 or as a percentage of total vessel area. 26, 27 We chose to analyze morphometric data in aggregate for 6 distances along the vessel (200 μm, 350 μm, 500 μm, 1 mm, 1.5 mm, and 2 mm from the ligature) to capture changes observed across the region of highest remodeling. 20 The widest variation in neointimal area is typically observed at the closest distance of 200 µm because of the increased likelihood of clotting near the ligature site. 20 Morphometric analysis was performed by tracing of anatomic features of cross-sections of the carotid artery at known distances from the ligature. Measurements were made for the lumen circumference (defining lumen area), the internal elastic lamina circumference, the circumference of the external elastic lamina, and the outermost adventitial circumference using a pen tablet (Intuos 4 Professional, Wacom). Measurements were quantified using National Institutes of Health ImageJ software. 28 A stage micrometer was used to determine the linear conversion rate of number of pixels per mm. The neointimal area was determined by subtracting the luminal area from the area bound by the internal elastic lamina. The medial area was determined by subtracting the area bound by the internal elastic lamina from the area bound by the external elastic lamina. The adventitial area was determined by subtracting the area bound by the external elastic lamina from the outermost adventitial area. Measurements were performed with the observer blinded to experimental group. For the morphometric analysis, 13 Notch2 
Histology and Immunostaining of Paraffin-Embedded Tissue Sections
Formalin-fixed paraffin-embedded slides containing 5 cross-sections of 5 μm each were baked for 45 minutes at 60°C. The sections were then rehydrated in a rundown of AmeriClear (Cardinal Health) followed by decreasing percentages of ethanol (100%, 95%, and 70%). Once rehydrated, some sections were stained with hematoxylin/eosin or Verhoeff stain. Some sections underwent antigen retrieval by steaming in 0.01 mol/L sodium citrate buffer pH=6.0 for 30 minutes. After cooling, the slides were washed in water and then transferred to Tris-buffered saline with Tween (TBS-T) before quenching endogenous peroxidases in a 3% solution of hydrogen peroxide in PBS for 30 minutes. Slides were washed twice in TBS-T before the sections were permeabilized in a solution of 0.5% Triton X-100 in PBS for 45 minutes on an orbital shaker. The slides were then washed once in distilled water and once in TBS-T before blocking in 2% BSA with 2% goat serum in PBS overnight at 4°C. The next day, primary antibodies or primary antibody IgG controls (please see the Major Resources Table in the online-only Data Supplement) were diluted in blocking solution and incubated on the sections overnight at 4°C. Secondary only controls were incubated with blocking solution for the duration of the primary antibody step. After 3 washes in TBS-T, the sections were incubated with SignalStain Boost IHC Detection Reagent (Cell Signaling) for 30 minutes at room temperature. Slides were then washed 3 more times in TBS-T before reacting with SignalStain diaminobenzidine substrate kit (Cell Signaling). The reaction was quenched with tap water before counterstaining with hematoxylin. Finally, the sections were dehydrated through increasing ethanol (95% and 100%) and 3 AmeriClear baths before coverslipping. Primary antibody IgG controls and secondary only control sections were examined for all antibodies (except for the Ki-67 antibody) to confirm lack of staining in the absence of primary antibody incubation. The Ki-67 staining was performed using Avidin/Biotin Blocking Kit (Vector Laboratories, Cat #SP-2001), Biotin-SP AffiniPure goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Cat #111-065-144), and the VECTASTAIN Elite ABC-HRP Kit (Vector Laboratories, Cat #PK-6100). Ki-67 quantification was performed with National Institutes of Health ImageJ software, 28 and a control slide containing a section of mouse spleen was analyzed to confirm staining specificity. For staining of mouse tissue with mouse monoclonal antibodies, the Vector M.O.M. Immunodetection Kit (Vector Laboratories Cat #PK-2200) and protocol were used with the following modifications. Antigen retrieval was performed using 0.01 mol/L sodium citrate buffer (pH=6.0) with 0.05% tween for 27 minutes, and endogenous peroxidases were blocked with a solution of 3% hydrogen peroxide in PBS for 15 minutes. M.O.M Block (5 drops in 2.5 mLs of PBS) was incubated overnight at 4°C with an additional 30 minutes the next morning at room temperature. The biotinylated anti-mouse IgG reagent was used at one quarter of the recommended dilution (1 µL per 1 mL).
Proteomic Analysis of Carotid Arteries Using SWATH
Carotid arteries were weighed and proteins extracted using the Qproteome kit (Qiagen). On ice, 10 μL protease inhibitor plus 0.04 μL benzonase nuclease was added to 1 mL of lysis buffer. A total of 180μL of lysis solution was then added to each tube containing 1 artery, along with 2 small magnetic beads per sample. Samples were then homogenized at maximum speed for 60 seconds using an Autodisruptor. The tubes were then rechilled on ice, and the process was repeated until the samples were sufficiently homogenized. The tubes were then centrifuged at 14 000 rpm for 10 minutes in a precooled microcentrifuge at 4°C. The supernatant was transferred into a new tube, and 4 volumes (720 μL) of ice cold acetone were added. The tubes were then frozen at −70°C before mass spectrometry.
For this study, SWATH was used as a comprehensive strategy for analysis of all detectable analytes in samples via a data-independent acquisition method 29 using nanospray infusion of tryptic peptides, after separation on a ThermoFisher/Dionex U3000 nanoscale liquid chromatograph as described, 30 ,31 on a Sciex 5600 TripleTOF mass spectrometer. A mouse blood vessel ion library comprised 4091 proteins was constructed using ProteinPilot software. For identification of peptides generated by SWATH, multiple fragment ion chromatograms were retrieved from the spectral library for each peptide of interest. These spectra were compared with the extracted fragment ion traces for the corresponding isolation window to identify the transitions that best identify and quantify the target peptide. SWATH protein responses were determined using PeakView software, and this information was extracted for principle component analysis and t test comparisons using MarkerView software. 32 For the Protein Analysis Through Evolutionary Relationships (PANTHER) gene ontology classification analyses, lists of significantly regulated proteins generated by SWATH proteomics were analyzed using PANTHER version 13.0 (released November 12, 2017) . 33 For the molecular function categorization ( Figures 2B and  5D ), differentially expressed proteins after injury were classified based on molecular function and displayed by the percent of proteins in each category. The PANTHER Overrepresentation Tests (released December 5, 2017; Table 2 ) were generated with an input text file with all Notch2-regulated genes as determined by the 6-and 14-day Notch2 SMC-NULL versus Notch2 SMC-WT SWATH proteomic comparisons with their respective fold changes and the Mus musculus Reference Gene List. Annotation Data Sets used included PANTHER Pathways, PANTHER GO-Slim Molecular Function, and REACTOME pathways. Unclassified data were not included in Table 2 , and only a selected portion (14 of 55, or ≈25%) of significantly overrepresented REACTOME pathways was included because of space constraints.
Statistical Analysis
Morphometric data were graphed and analyzed with GraphPad Prism 7.0 (GraphPad Software Inc, San Diego, CA), and comparisons of normally distributed variables between multiple experimental groups were made using 2-way ANOVA. Ki-67 staining quantification was also analyzed in GraphPad Prism 7.0 using multiple t tests with the 2-stage step-up method of Benjamini, Krieger, and Yekutieli for a false discovery rate approach. SWATH data were analyzed in MarkerView using t test comparisons with P<0.05 considered significant. Statistical analysis in PANTHER was performed by Fisher exact test with false discovery rate multiple test correction in each case.
Results

Characterization of the SM-MHC-CreER T2 Strain in Vascular Injury and VSMC Loss of Notch2
In the original SM-MHC-CreER T2 mouse model characterization, 15 no significant Cre recombinase activity was noted in the absence of tamoxifen when crossed with the Rosa26LacZ Cre reporter strain (B6.129S4-Gt(ROSA)26Sortm1Sor/J). 16 We repeated this cross to assess Cre-mediated recombination in carotid artery VSMC and to determine the contribution of SM-MHC-expressing medial VSMC to the neointimal layer after injury. In this cross, Cre-mediated recombination to induce β-galactosidase activity is a permanent mark of differentiated VSMC within the vessel. First, Cre expression was validated in mature carotid VSMC in uninjured carotid arteries from double transgenic mice. β-Galactosidase activity was detected in medial VSMC after induction treatment with tamoxifen but not with corn oil vehicle ( Figure 1A ). After tamoxifen induction and carotid artery ligation, both neointimal and medial cells were highly stained ( Figure 1B ). In this model, the strong presence of positively stained cells in the neointimal and medial layers of tamoxifen-induced mice indicates that the neointima is predominantly derived from differentiated medial VSMC. Of note, occasional blue cells (0-2 per high power field) were observed in ligated vessel cross-sections from double transgenic mice in the absence of tamoxifen ( Figure 1C ). Although this recombination in the corn oil vehicle group is negligible in comparison to the widespread positive staining observed in VSMC after tamoxifen treatment, this did suggest a low level of baseline Cre recombinase activity in some cells in the vessel wall.
For our loss of Notch2 studies, we used a previously characterized floxed Notch2 allele 4 . To analyze Cre recombination in these experimental groups, genomic DNA was isolated from carotid arteries 14 days after carotid artery ligation, and PCR was performed using the N2-L3:N2-L5 primer pair. This primer pair amplifies a 1.9 kb product in the nonrecombined floxed allele, an 887 bp product in the recombined allele, and an ≈1450 bp product in a wild-type Notch2 allele ( Figure 1D ). In Notch2 SMC-WT mice, only the ≈1450 bp product corresponding to the wild-type Notch2 allele was detected. In Notch2 SMC-NULL mice, loss of the 1.9 kb nonrecombined floxed allele product and predominant presence of the 887 bp product resulting from Cre recombination was noted. In Notch2 VEH-CTL mice, evidence of the 887 bp Cre-recombined locus was detected ( Figure 1D , white box) in addition to the 1.9 kb nonrecombined floxed allele product. This detection of recombination in the absence of tamoxifen was consistent with the observation of occasional recombination in vehicle-treated double transgenic Rosa26LacZ Cre reporter mice. Due to the sensitivity of PCR amplification, even a minimal amount of recombination could be expected to result in a detection of a band corresponding to the Crerecombined locus. To evaluate the effects of Cre recombination on Notch2 protein, immunostaining was also performed. No Notch2 staining was detected in uninjured Notch2 VEH-CTL or Notch2 SMC-NULL mice ( Figure 1E ), consistent with our previous reports of low Notch2 expression in quiescent carotid arteries and increased expression of Notch2 after vascular injury. 6, 34 Notch2 immunostaining was also used to verify loss of VSMC Notch2 protein expression in Notch2 SMC-null carotid arteries after injury ( Figure 1F ).
Protein Profiling of Remodeling Vessels in Notch2 SMC-WT Mice
To characterize the overall proteomic signature of the vessel wall to understand molecular changes during neointimal lesion formation, we performed protein profiling to compare uninjured carotid arteries with injured carotid arteries at 6 and 14 days after ligation using a SWATH proteomics approach in Notch2 SMC-WT mice. SWATH analysis of injured Notch2 SMC-WT vessels showed a protein profile response that included 2 distinct waves of protein regulation, as well as sustained changes characteristic of injury ( Figure 2A ). In comparison to uninjured carotid arteries, Notch2 SMC-WT remodeling arteries had 341 distinct proteins upregulated at day 6, with 35 downregulated ( Figure 2A , first wave; Table I in the onlineonly Data Supplement) and 116 proteins uniquely upregulated at day 14 with 13 downregulated (second wave; Table II in the online-only Data Supplement). In addition, we found 157 proteins that remained elevated and sustained throughout the 2 weeks of remodeling, and 9 that remained at lower levels (Figure 2A , sustained; Table III in the online-only Data Supplement). The numbers displayed for the first and second waves include 5 proteins that were downregulated at 6 days and upregulated at 14 days, and 3 proteins that were upregulated at 6 days and downregulated at 14 days (Table  IV in the online-only Data Supplement). We additionally used the PANTHER ontology classification system 35 to provide a more detailed molecular analysis of these protein profiles. The PANTHER GeneOntology tool showed that in Notch2 SMC-WT carotid arteries, 45% of the regulated proteins at 6 and 14 days after injury fall into the catalytic activity category and 33% correspond to binding activity ( Figure 2B ).
These data are consistent with a model where active changes in proteins involved in enzymatic biochemical reactions and binding (including transcription factors and receptor binding) are regulated strongly during the remodeling response. From the Notch2 SMC-WT injury-related proteomics analysis, several of the proteins identified already have established functions in vascular injury and remodeling, and these are summarized in Table 1 .
The identification of several proteins from the Notch2 SMC-WT injury-related proteomics analysis as established contributors to vascular remodeling indicates the power of the SWATH proteomic approach for detecting known injury response proteins and identifying new candidates for further analysis. To identify changes in vascular remodeling in Notch2
SMC-NULL , and Notch2 SMC-WT vessels, morphometric analysis was performed to characterize lesion formation, and SWATH proteomic analysis addressed changes in protein profiles. ) carotid arteries 14 d after ligation. PCR was performed with the N2-L3: N2-L5 primer pair, which amplifies a 1.9 kb fragment from the nonrecombined floxed allele, an 887 bp product from the Cre-recombined locus, and an ≈1450 bp fragment from the wild-type allele. Some 887 bp product was detected in the Notch2 VEH-CTL ligated carotid genomic DNA samples (white box). Immunostaining to detect Notch2 protein in uninjured carotid arteries (E) from Notch2 VEH-CTL (left) and Notch2 SMC-NULL (right) mice and from injured carotid arteries (F) collected 14 d after ligation in Notch2
VEH-CTL (left) and Notch2 SMC-NULL (right) mice. Scale bar, 50 μm in A and B and E and F, and 25 μm in C.
Analysis of the Remodeling Response in the Presence or Absence of Notch2
To quantify effects of the loss of VSMC Notch2 on neointimal lesion formation, we analyzed morphometric data in aggregate for 6 distances along the vessel (200 μm, 350 μm, 500 μm, 1 mm, 1.5 mm, and 2 mm from the ligature) at 14 days after ligation. Representative sections used for quantification at the 2 mm distance are shown in Figure 3A . A sham-operated Notch2 SMC-WT vessels in neointimal area, medial area, or neointimal/medial ratio ( Figure 3B ). Likewise, no significant difference in proliferation was noted in Notch2 SMC-NULL vessels ( Figure 3C and 3D ). Although this finding was surprising because of prior work by our group and others in demonstrating the role of Notch2 in mediating VSMC growth arrest, 6,7 the overarching complexity of regulators of the neointimal lesion formation response 17, 18 suggests that several different pathways could be compensating for the loss of VSMC Notch2 in this model. For example, Notch3 is the predominant Notch receptor in carotid VSMC 6 and is highly expressed in the vessel wall throughout the remodeling process both in the presence and absence of Notch2 (data not shown).
Further characterization of lesion formation in Notch2 SMC-NULL vessels was performed by immunohistochemical staining. Consistent with previous observations, 17 the carotid artery ligation model demonstrates low levels of infiltrating immune cells in the vessel wall, as determined by CD45 staining ( Figure 4A ). No qualitative difference was observed in level of macrophage infiltration in Notch2 SMC-NULL vessels compared with Notch2
VEH-CTL and Notch2 SMC-WT vessels as measured by CD68 staining ( Figure 4B ). Likewise, staining patterns for VSMC markers SMA (smooth muscle actin; Figure 4C ) and SM-MHC ( Figure 4D ) were similar across experimental groups. No change in apoptosis, as measured by caspase-3 staining, was noted across experimental groups after injury (data not shown). No qualitative difference in collagen deposition was observed by Masson trichrome ( Figure 4E ) nor was there any significant difference in quantification of the collagen-rich adventitial area surrounding the vessel (data not shown).
To learn more about global proteomic changes during the loss of Notch2 in neointimal lesion formation, we performed SWATH analysis of single vessels at the 6-and 14-day time points after carotid artery ligation.
Protein Profiling of Remodeling Vessels in Notch2 SMC-NULL Mice
For primary identification of proteins differentially regulated after carotid ligation injury in the absence of VSMC Notch2, we highlight the SWATH comparison of Notch2 SMC-NULL vessels with Notch2 SMC-WT vessels because both of these experimental groups are SM-MHC-CreER T2 positive and have undergone tamoxifen induction, which specifically controls for any changes directly resulting from tamoxifen administration or the presence of Cre recombinase. Modified Venn diagrams summarizing this comparison at day 6 ( Figure 5A ) correspond to 66 proteins that are higher in Notch2 SMC-WT vessels ( SMC-NULL vessels ( Figure 5A ). Both groups are SM-MHC-CreER T2 positive, tamoxifen induced, and have undergone surgical isolation of the carotid artery. The difference in this comparison is that sham Notch2 SMC-NULL carotid vessels have not undergone ligation before wound closure, which provides a highly controlled view of differences resulting specifically from carotid vessel injury. This comparison identified 561 proteins higher in Notch2 SMC-NULL vessels ( Figure 5B (Tables IX-XII in the online-only Data Supplement). An alternative schematic overview of changes specific to loss of Notch2 is provided in Figure 5C . Of additional interest, glutaredoxin-1 was the only protein identified as upregulated at both the 6-and 14-day time points in Notch2 SMC-NULL vessels compared with Notch2 SMC-WT vessels. Glutaredoxin-1 is a regulator of redox signaling that has previously been linked to ischemic limb revascularization 72 but not to Notch signaling. Analysis of the molecular function of all proteins differentially expressed in Notch2 SMC-NULL vessels compared with Notch2 SMC-WT vessels reveals a similar profile to that generated from the Notch2 SMC-WT analysis with the majority of proteins in the catalytic or binding activity categories ( Figure 5D ).
Protein Analysis of Remodeling Vessels in Notch2 SMC-NULL Mice
To further characterize the proteomic profiling changes observed in Notch2 SMC-NULL vessels as compared with Notch2 SMC-WT vessels, additional PANTHER overrepresentation and enrichment analyses were performed to determine significantly altered pathways and molecular functions as determined by fold changes of proteins identified by SWATH proteomic analysis (Table 2) . PANTHER pathway analysis identified 2 significantly overrepresented pathways, glycolysis and the cholecystokinin receptor signaling pathway, which include several matrix metalloproteinases, phosphoinositide 3-kinase signaling mediators, and other regulators of migration, adhesion, cell growth and proliferation, and inflammation. 35 Of the significantly overrepresented molecular functions, protein disulfide isomerase activity had the highest fold enrichment in Notch2 SMC-NULL vessels as compared with Notch2 SMC-WT vessels. Protein disulfide isomerase, a known endoplasmic reticulum protein that assists with protein folding, has already been identified as a downstream target of the Notch signaling pathway in Notch intracellular domain-transfected K562 cells. 73 PANTHER supports enrichment analysis Calpain-2 High activity in aortic media from humans with aortic aneurysm 71 Differentially regulated proteins from the SWATH proteomic comparison of uninjured and injured carotid arteries at 6 days, 14 days, or 6 and 14 days (sustained) after carotid artery ligation in Notch2 SMC-WT mice. Cthrc1 indicates collagen triple helix repeat containing 1; NEDD8, neural precursor cell expressed, developmentally down-regulated gene 8; SWATH, sequential window acquisition of all theoretical spectra; and VSMC, vascular smooth muscle cell. 
CD44
Early induction after arterial injury in rats, 46 involved in neointimal lesion formation in mice 47 Matrix gla protein Human polymorphism associated with vascular calcification and atherosclerosis 48 ; elevated serum levels in coronary artery disease 49 
Serpin H1
Increased in carotid arteries after clamping 50, 51 and balloon injury 52 using pathway classifications from the REACTOME resource, and thus significantly enriched metabolic, smooth muscle contraction, transport and mitosis-related pathways identified by the REACTOME resource are also included in Table 2 . The PANTHER and REACTOME analyses for significant differences in Notch2 SMC-NULL vessels as compared with Notch2 SMC-WT vessels are largely consistent with the types of changes expected during vascular remodeling and suggest that metabolic changes are an important feature resulting from loss of Notch2 in VSMC. Differentially regulated proteins in Notch2 SMC-NULL vessels compared with Notch2 SMC-WT vessels were then searched in PubMed to identify known links to the Notch signaling pathway, and selected links to Notch signaling are summarized in Table 3 .
Protein Expression Changes With Loss of VSMC Notch2 During Early Remodeling and Correlation With Human Atherosclerotic Lesions
Validation of selected early protein-level changes identified by the SWATH comparison of Notch2 SMC-NULL ( Figure 6A) and Notch2 SMC-WT ( Figure 6B) 
than in Notch2
SMC-NULL vessels sections. Plectin is a scaffolding protein that interacts with vimentin and actin filaments to promote vascular integrity. 109 Of note, there is suggestive evidence that short stop, the Drosophila homolog of plectin, may be transcriptionally regulated by Notch signaling (also referenced in Table 3 ). 105 The third protein selected for immunohistochemical staining validation was annexin A2. The SWATH analysis demonstrated higher expression in Notch2 SMC-WT vessels compared with Notch2 SMC-NULL vessels ( 110 We also selected abundant injury-related proteins from our mouse proteomic screen to evaluate correspondence to human diseased vessels. To confirm that some of the targets identified by SWATH proteomics were present in detectable levels in human atherosclerotic lesions, plaque was collected from consented human donors at the time of carotid endarterectomy surgery. Representative staining for ERH, serpin H1, and vitronectin validates that these proteins are expressed in human atherosclerotic lesions ( Figure 6C ). Because of lack of an appropriate control specimen for atherosclerotic plaque, nonspecific IgG-treated control sections are included ( Figure 6D) . From the SWATH analysis, Serpin H1 was upregulated in both Notch2 SMC-WT vessel sections after injury ( 
Discussion
Our study provides a detailed and comprehensive comparison of protein signatures associated with vascular injury in the mouse. In addition, we evaluated a specific hypothesis that loss of VSMC Notch2 would result in increased neointimal lesion formation after vascular injury. We previously found that Notch2 signaling in human VSMC activates a quiescence pathway, suggesting that loss of VSMC Notch2 signaling would yield a hyperproliferative response in vivo. Contrary to our hypothesis, loss of VSMC Notch2 does not alter overall lesion size nor does it alter proliferation rates in the carotid ligation injury model, either at 6 or 14 days after injury. Although strain differences contribute to some variation in overall lesion size, 21 14 days are sufficient for neointimal lesion formation as previously published 17 and as demonstrated by our morphometric analysis. Because VSMC proliferation is a relatively early feature of this model, 17 we would have expected to capture any significant proliferation changes at the 6-or 14-day time points and thus did not design our study to examine lesion formation beyond this time. The SM-MHC-CreER T2 driver strain is commonly used to study inducible gene expression in VSMC because of its high lineage specificity relative to other smooth muscle Cre drivers. A known limitation of this model is that insertion of the Cre transgene into the Y chromosome excludes the incorporation of female mice into the study design. Fortunately, translocation of the Cre transgene to the X chromosome has recently been published, 111 opening up this field for future studies in female mice to address the issue of sex as a biological variable in vascular disease pathogenesis. An additional consideration in carotid ligation model study design is the wide variety of approaches for measuring and reporting lesion size in this model. Details of different common approaches are outlined in the methods section along with our rationale for performing morphometric assessments at 6 set distances across the largest area of the lesion. One distinct advantage of the carotid ligation model is that it triggers less of an inflammatory response than other arterial injury models, such as endothelial denudation, 112 which simplifies the analysis and characterization of VSMC phenotypic changes. As expected, loss of Notch2 did not alter VSMC apoptosis as determined by caspase-3 staining. This is supported by in vitro observations that there are no significant differences in ultravioletmediated apoptosis with overexpression or knockdown of Notch2 in VSMC as determined by caspase-3 activity or by expression of prosurvival genes. 7 Our results suggest that other pathways and mediators are able to compensate for the loss of Notch2 during vascular remodeling. One possibility is that VSMC Notch3 is partially compensating for the loss of Notch2 in this context. Indeed, functional redundancy between Notch2 and Notch3 has been demonstrated during embryonic development of the vasculature. 113, 114 Studies in mouse models of patent ductus arteriosus, which results from failure of the ductus arteriosus to close in the transition between embryonic and postnatal circulation, demonstrate that VSMC Notch signaling via lateral induction through the vessel wall is required for closure. 115 Patent ductus arteriosus can result from VSMC deletion of Jagged1 115 and by disruption of all canonical Notch signal reception in smooth muscle via deletion of the Rbpj gene in VSMC. 116 Patent ductus arteriosus occurs in 40% of mice with VSMC deletion of Notch2 and in 100% of mice with VSMC deletion of Notch2 combined with global heterozygous deletion of Notch3. 114 Taken together, these results indicate a compelling role for Notch2 in the contractile VSMC differentiation required for ductus arteriosus closure and provide a developmental model for functional overlap between Notch2 and Notch3. The extent of the functional overlap in neointimal lesion formation could be elucidated using a similar approach to Baeten et al 114 by performing carotid ligation studies in mice with different combinations of conditional mutant and wild-type Notch2 and Notch3 alleles in VSMC. Even so, neointimal lesion formation after arterial injury is a complex process governed by many different regulators that control the extent of the neointimal lesion response. We have previously reviewed genes that contribute to neointimal lesion formation after complete ligation of the common carotid artery. 18 These include adhesion molecules, growth factors, cytokines, hormones, cytoskeletal components, blood components, reactive oxygen pathways, secreted proteins, transcriptional regulators, extracellular matrix proteins, transmembrane signaling molecules, intracellular enzymes, and microRNAs. 18 Within each of these categories, multiple mouse models have identified numerous specific regulators of the neointimal lesion response. These regulators significantly alter lesion size or morphology when targeted by genetic ablation, transgenic expression, or by administration of inhibitors, antibodies, mimics, adenoviral vectors, or other recombinant proteins. Although single-gene studies have made important contributions to the canon of neointimal lesion response literature, many studies have focused on quantification of lesion size as the primary or exclusive outcome measure. Because of the number of genes regulating neointimal lesion size, more complex outcome analyses are needed to grasp resultant protein-level changes in an unbiased and comprehensive manner. The analysis was performed on the combined list of differentially regulated proteins in Notch2 SMC-NULL vessels compared with Notch2 SMC-WT vessels at 6 and 14 days after injury, as determined by the SWATH proteomic analysis described in Figure 5 ; P value determined by Fisher exact test with false discovery rate multiple test correction. ER indicates endoplasmic reticulum; PANTHER, Protein Analysis Through Evolutionary Relationships; and SWATH, sequential window acquisition of all theoretical spectra.
In this study, we have described methodology for proteomics analysis by SWATH to characterize neointimal lesion changes both in the presence and absence of Notch2. This comprehensive approach was validated by the identification of several known regulators of neointima formation and opens up new opportunities for further exploration with the identification of proteins previously not known to be involved in vascular remodeling or responses to Notch signaling. Because of the complexity of the Notch signaling pathway, which includes feedback loops and tightly-controlled time and context-dependent Notch activity, both upstream and downstream signaling links are included here. No Notch-linked proteins were identified as significantly regulated at both 6 and 14 days.
ERK1 indicates extracellular signal-regulated kinase 1; ICD, intracellular domain; RBP-Jk, recombination signal binding protein for immunoglobulin kappa J region; TRIP6, thyroid hormone receptor interactor 6; and VSMC, vascular smooth muscle cells. responsive to vascular injury. We observed 2 distinct waves of protein regulation, 376 in the first wave and 129 in the second wave, that occur in the setting of 166 additional sustained changes in protein expression. In total, this injuryrelated analysis yielded 671 protein-level changes. In contrast, comparison of remodeling Notch2 SMC-NULL vessels to remodeling Notch2 SMC-WT vessels identifies changes specific to the loss of Notch2 and includes 118 protein changes in the first wave, 131 in the second wave, and only 1 sustained change for a total of 250 protein-level changes. This indicates that more protein-level changes can be attributed to vascular injury than to the loss of VSMC Notch2. This conclusion holds true for the comparison of remodeling Notch2 SMC-NULL vessels with sham Notch2 SMC-NULL vessels which highlights injury-related changes, with the loss of VSMC Notch2 and surgical isolation of the carotid artery held as constants. This analysis identified 582 protein-level changes at 6 days and 389 changes at 14 days for a total of 971 protein-level changes. Of additional interest, the injury response proteomes of both Notch2 SMC-WT and Notch2
SMC-NULL vessels demonstrate higher numbers of proteins that are upregulated in injury compared with numbers of proteins that are downregulated in injury. The comparison of remodeling Notch2 SMC-NULL vessels to remodeling Notch2 SMC-WT vessels, however, demonstrates waves of protein regulation that are roughly equivalent in amplitude for both upregulated and downregulated proteins at both 6 and 14 days after injury. These observations are consistent with one role of Notch as a component of a transcriptional activation complex. 118 PANTHER and REACTOME pathway analysis of differentially regulated genes in the absence of Notch2 highlighted several significantly enriched pathways connected to cell metabolism. This suggests that Notch regulation of cell metabolism may prove to be an interesting area for future exploration. Notch signaling has already been linked to regulation of glucose metabolism in hepatocytes 119 and in activated hepatic macrophages, 120 and associated with suppression of the browning of adipocytes, a transition involving significant cellular metabolic changes. 121, 122 Novel candidates uncovered in our discovery approach will be useful for future continued analysis and comparison with human vascular disease. In moving toward this goal, we validated protein expression in human atherosclerotic plaque of ERH, serpin H1, and vitronectin, 3 injury-associated proteins identified in this analysis. Recently, a 4-biomarker signature of carotid atherosclerotic plaque correlating with predictive risk for rupture was identified by proteomic comparison of symptomatic and asymptomatic human carotid plaques.
14 This predictive panel includes matrix metalloproteinase 9, S100A8/S100A9, cathepsin D, and galectin-3-binding protein. 14 The study is a prominent example of the trend toward using unbiased and comprehensive proteomic approaches to characterize vascular changes in human atherosclerotic lesion formation. In relating these recent findings to our study, we noted that cathepsin D was identified as differentially regulated in Notch2 SMC-WT vessels after injury ( Table I in the online-only Data Supplement), and S100A8/ S100A9 were differentially regulated in Notch2 SMC-NULL vessels (Tables V and VII in the online-only Data Supplement). This overlap highlights the timeliness of this study in identifying mediators of neointimal lesion formation with established therapeutic relevance both in the presence and absence of Notch2.
The concept that Notch signaling may be of therapeutic benefit for patients with cardiovascular disease has been supported by studies addressing inflammation, particularly monocyte/macrophage activation. Both in vivo and in vitro studies (reviewed in 123 ) suggest that the Notch ligand Dll4, potentially via Notch1, establishes a proinflammatory M1 phenotype relevant to disease conditions such as atherosclerosis. The same Dll4/Notch1 pathway in human endothelial cells promotes quiescence, 124 which is required under homeostatic conditions. Thus, unique signaling based on the target cell type is important to consider. Studies focused on VSMC have shown that Jagged1/Notch3 signaling is required for development and maintenance of the mature, contractile phenotype, 125, 126 and we showed that Jagged1/Notch2 signaling in human smooth muscle cells supports cellular quiescence. 6 We also found that Jagged1 stimulation of primary human smooth muscle cells derived from diseased atherosclerotic arteries decreased cell proliferation. 127 Based on these collective observations, signaling via Notch2 and Notch3 in smooth muscle cells is predicted to be beneficial in pathologies that initiate hyperproliferation of smooth muscle cells. Thus, therapeutic approaches involving targeting Notch pathways in cardiovascular disease are likely to be most successful under conditions where specific Notch ligands or receptors can be selectively targeted in discrete cell populations. [128] [129] [130] 
